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ABSTRACT
This multidisciplinary study provides a comprehensive visualization of airborne aerosols
and droplets coming into contact with a crossflow of moving air utilizing both experimental
particle measuring methods and multiphase computational fluids dynamics (CFD). The aim of
this research is to provide a Eulerian visualization of how ventilation can alter the position and
density of an aerosol cloud, with the goal of applying this information to our understanding of
social distancing ranges within outdoor settings and ventilated rooms. The results indicate that
even minor perpendicular crossflows across the trajectory of an aerosol cloud can greatly reduce
both the linear displacement and density of the cloud, with negligible increases in density along
the flow path.
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CHAPTER ONE: INTRODUCTION
It is commonly understood across associated literature that ample ventilation of an indoor
space is one of the best methods to prevent the spread of airborne pathogens, along with the use
of air purifiers and face coverings such as masks [1]. According to CDC guidelines, 6 feet (or
1.83 meters) of social distancing should be maintained to reduce the likelihood of contracting
COVID-19, and many techniques to further reduce the spread have been adopted by the general
public [2]. Masks are currently the most utilized tool for reducing the spread of aerosols, with
N95/KN95 masks being capable reducing the chance of COVID transmission by up to 83%.
Likewise common surgical masks showed a 66% efficiency and cloth masks a 56% efficiency.
Due to the nature of how masks filter aerosols, the smallest particles are still sometimes capable
of breaching past. Therefore, ventilation is often employed in conjunction with masks as an
additional safeguard to further mitigate the spread of aerosols, and therefore the spread of
airborne, disease-carrying pathogens.
These aerosols and droplets, released from common processes of aerosol emission, such
as a person sneezing, coughing, talking, or simply breathing [3] scatter into the ambient air and
eventually settle by landing on a surface, or after being inhaled by another individual. More
energetic exhalations such as through sneezing or shouting provide not only an increased
quantity of aerosols and droplets, but the necessary force to carry these particles to further points
of contact [4]. The moving air in a ventilated space was shown to aid in dissipating the cloud of
aerosols created through these common processes of aerosol emission. This ventilation also
occurs naturally through wind and similar phenomena in an outdoor setting and is a large factor
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as to why pathogen transmission is far more common in unventilated enclosed spaces. Limiting
aerosol quantity as well as distance has been the primary goal of researchers aiming to impede
the spread of airborne pathogens from infected individuals.
Previous foundational studies have provided much of the background for this research,
with Wells’ first findings in droplet dispersion within indoor environments [3], along with
Jennison [4], and Duguid [5]. These findings were then expanded upon by Bin Zhao et al. [6],
who found that the airflow pattern of the ventilation system strongly impacts the displacement of
airborne particles, perhaps more so than the fan’s volumetric flow rate, or the particle’s inherent
properties. Investigations performed by the authors of this paper in the past used CFD to
visualize particle quantities and trajectories ejected in a ventilated classroom [1] with additional
research being done to include different classroom scenarios and virus variants [7]. These
investigations found that proper ventilation, air purifiers, and use of face coverings could greatly
reduce the quantity of aerosols in the ambient air available to inhale or settle on commonly used
areas such as desks, door handles, etc. Most importantly for this study, the research into
visualizing droplet behaviors within those ventilated airflows serves as the foundation for
understanding how aerosols and droplets uniquely react to these forced displacements.
This work aims to use experimental and computational methods to visualize and quantify
the impact of these ventilated crossflows upon the displacement and density of the aerosol cloud
created from high energy ejection of airborne particles. This study will emphasize the difference
between aerosols and droplets regarding their flow behavior and will outline the experimental
and numerical methods used to measure the quantities of these particles within a controlled
space. The results of the experimental and numerical processes will be compared, and particle
2

density within the controlled area will be visualized. Understanding the dynamics of aerosols and
droplets within these flows at a small scale could aid in our understanding and countermeasures
against airborne pathogens in the future.
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CHAPTER TWO:
DYNAMIC PROPERTIES OF AEROSOLS AND DROPLETS
The foundational research of Jennison and Duguid found that the maximum expulsion
velocity of aerosols can be found below 50 m/s with total displacement reaching 1 meter [4].
Aerosol count could reach as high as 30 million total, with 1 million containing bacteria, and 52
thousand forming droplets [5]. These aerosols upon ejection are subject to forces such as
gravitational, drag, buoyant, pressure gradient, virtual mass, Basset, thermophoretic, Brownian,
Saffman Lift, and in some events, electric forces [8]. Zhao et al. simplified the relationship
further by determining that the pressure gradient, virtual mass, and Basset forces while in indoor
air were all two orders of magnitude smaller than the drag forces [6]. Expanding upon Newton’s
second law (F=ma) with these additional forces, we can derive the following momentum
equation:

𝑚𝑑

⃗𝑑
𝑑𝑉
𝑑𝑡

𝜌

= 𝑚𝑑 𝑔 (1 − 𝜌𝑑 ) − 𝐶𝑑 𝜋𝑑 2
𝑔

⃗ 𝑑 −𝑉
⃗ 𝑔 |(𝑉
⃗ 𝑑 −𝑉
⃗ 𝑔)
𝜌𝑔 |𝑉
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(1)

⃗𝑔 is the velocity of the surrounding gas, 𝑔 is the
Where 𝑚𝑑 is the mass of the droplet, 𝑉
acceleration due to gravity, 𝜌𝑑 is the density of the interior of the droplet, 𝜌𝑔 is the density of the
⃗𝑑
surrounding gas, 𝐶𝑑 is the drag coefficient, and 𝑑 is the droplet diameter as a function of time. 𝑉
is the velocity of the droplet assuming only gravitational, buoyant, and drag forces act upon it,
and can be related to the droplet displacement as:
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̂

⃗ 𝑑 = 𝑆𝑑 = 𝑑𝑆𝑑
𝑉
𝑑𝑡

(2)

And according to Liu et al. [9], the droplet’s drag coefficient can be derived as:

𝐶𝑑 = {24
𝑅𝑒

0.424

2
3

1

(1 + 𝑅𝑒 )
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𝑅𝑒 > 1000
𝑅𝑒 < 1000

(3)

And Reynolds number is given as:

𝑅𝑒 =

⃗ 𝑑 −𝑉
⃗ 𝑔|
𝜌𝑔 𝑑|𝑉
𝜇

(4)

Where μ is the dynamic viscosity of the airflow. With a known humidity, room temperature,
atmospheric pressure, and airflow velocity, Equation 1 can be used to determine the velocity of
the airborne aerosols given we know their composition and assumed density.
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CHAPTER THREE: MATERIALS AND METHODS
Experimental Aerosol Measurement
Droplet collection was performed using a model 3321 APS, capable of measuring aerosol
counts ranging from 0.523 to 19.81 µm. These measurements were taken at 0.15 meter intervals
within a planar X,Y grid illustrated in Figure 1.

Figure 1: A) Experimental method of measurement with alternate APS position.
B) Diameter and positions of fans 1 and 2

To create the airflows acting in the positive X direction on the grid, a fan of diameter 0.15
meters (Fan 1) and 0.45 meters (Fan 2) would be used to measure the impact of the crosswind
6

size and perpendicular speed. Fan 1 and Fan 2 operate at variable speed settings independent for
each fan, which in conjunction with differing blade count, blade geometry, and fan diameter
create the average air speed distribution across a 0.921 m distance in the experimental X axis
shown in Figure 2.

Figure 2: A) Blade count and geometry of fans 1 & 2
B) Air speed relative to flow distance and fan speed setting

7

These values were quantified along the centerline of the flow using a pitot-tube anemometer,
with fluctuations in the velocity represented by error in the graph.
The geometry and size of the crossflow were similarly determined experimentally using
the anemometer, where the maximum Y axis expansion of the flow was estimated by finding the
point of lowest velocity fluctuation away from the center of the flow (along the X axis, where Y
= 0). Note that Figure 1A uses simplified visuals and the flow is not perfectly uniform
downstream. The varying velocity along the diameter of the streamline was found to fall within
the margin of error consistently enough to justify averaging the measured speed values for across
the entire diameter. Therefore, for future calculations, the flow will be assumed uniform.
The test subject, the APS, and the fans were all contained within a ventilated clean room
maintained at 21ºC with 35% ambient relative humidity. The ventilation would run at all times,
ending immediately before and starting immediately after data was collected to ensure a dustfree environment. From outside the ventilated clean room, an operator would control the APS
through a computer running the Aerosol Instrument Manager (AIM) software and would log the
results of each test. The subject from within the clean room standing just below the grid and 0.15
meters to the right from the fan, ejected aerosols for a 15 second collection period via a rapid
expulsion of air akin to a sneeze or cough in the positive Y direction. This expulsion of aerosols
had a measured air speed velocity between 4 to 5 m/s slightly varying for each test, maintained
for 5 seconds, where another 10 seconds were allocated to let the aerosols disperse. After each
test, the clean room was ventilated, and the subject was given 5 minutes of rest. After this time, a
control sample was taken by the APS to subtract from the previous test, to ensure measured
particulates were only aerosols. Only 20 tests were performed each day to ensure similar aerosol
8

consistency by the subject, and to prevent extensive irritation of the subject’s throat. In total, 180
tests were performed, four times at each cell for the varying diameters and speed of the
crossflow. This allowed for greater consistency between measurements, and for outlying data to
have a lesser impact on final results.

Computational Fluid Dynamics Model
The goal of the CFD was to replicate the conditions of the experimental test while
tracking particle count and particle displacements caused by more complicated factors such as
lift, drag, pressure, and buoyancy over a much more refined grid. Modeled utilizing STARCCM+, the simulation adopted a hybrid Eulerian-Lagrangian approach with a Detached Eddy
Simulation model to account for the turbulent nature of respiratory-induced flow and ventilation.
As shown in Figure 3, the CFD tracks the displacement of particles within an enclosed 10m(X) ×
10m(Y) × 4m(Z) volumetric room, with no inherent inlet or outlet ventilation.

Figure 3: A) CFD domain with model human and mesh structure
B) Timelapse of aerosol ejection during simulation
9

A modeled human standing at 1.78 m tall was placed inside the test area with the mouth pointed
upwards in the positive Y direction, at the center of the room with the subject’s head
immediately behind the airflow.
The mesh is a static and locally defined grid capable of resolving the near-field
downstream from the model’s mouth and nose. Utilizing prism layer and control volume
meshing, the mesh can be refined at the boundary layers formed along the wall, as well as
comparing the finer mesh sizes located near the inlet region of the system to the larger ones
downstream. In all the mesh base size is 0.2 mm and the minimum refinement is (Δs = 0.x mm),
totaling at a maximum cell count of 3,541,888 for the whole flow region. The turbulent flow
field is resolved through a Detached Eddy Simulation tuned at default, where aerosols were set
as a passive scalar, and droplet fractions of 10µm, 20µm, 30µm, 40µm, 60µm, 80µm, 100µm,
and 120µm were modeled with the Lagrangian approach. To represent the room’s atmospheric
conditions, multicomponent Eulerian phases were composed within the flow continuum, made
up of N2, O2, H2O, and CO2. These were set to mass fractions of 0.7, 0.2, 0.05, and 0.05
respectively. Thermal gradients were induced in the simulation by setting a defined temperature
of 23ºC to the walls and floor of the room as well as the inlet. The model human was set to an
approximate human body temperature of 33ºC.
A blade element method was used to propagate the airflow at the wall to the left of the
model human, centered to have the fan’s furthest outer diameter perpendicular with the model
human inlet. The fans were interchanged between a 0.15 m and 0.45 m diameter size capable of
air speeds matching Fans 1 and 2, respectively. The blade element method tested in previous
research [10] uses momentum sources such as the fan to resolve the Navier-Stokes equations. A
10

Spalart-Allmaras model is used to resolve turbulence, and flow is assumed steady resulting in the
following equations to be solved by the simulation:

𝜕𝑃
𝜕𝑡

⃗ =0
+ 𝛻 ∙ 𝜌𝑉

⃗

𝜕𝑉
⃗ ∙ 𝛻𝑉
⃗ + 𝛻𝑃 = 𝛻 ∙ 𝜏 + 𝜌𝑏
𝜌 𝜕𝜏 + 𝜌𝑉

(5)

(6)

⃗ is the velocity vector, 𝑃 is the pressure, 𝜌 is the fluid density, 𝜏 is the viscous stress
Where 𝑉
tensor, and 𝑏 is the momentum source vector. The blade element method calculations are set as a
2-D interpolation grid which inputs momentum sources from the 3D domain and uses the airfoil
cross sections of the fan to output new momentum terms back into the CFD.
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CHAPTER FOUR: RESULTS AND DISCUSSION
Results of Experimental Testing
For a control case with no crosswind (Speed 0), Figure 4 shows the unimpeded dispersion
of aerosols and droplets ejected from high energy release. Using APS measurements along with
Phase Doppler Particle Analyzer (PDPA) measurements from previous research [11], the particle
count and size distribution at 0.3, 0.6, and 0.9 meters were obtained.

Figure 4: Normalized particle count from 0.3 m to 0.9 m
Figure 5 shows the particle count measured by the APS from each X,Y cell during the
testing process. It was found that activation of the crossflow caused the smaller, buoyant aerosols
typically around the diameter of 0.523 µm and less to get carried along the streamline away from
their initial trajectory. These buoyant aerosols make up approximately 75% of the measured
particles along the streamline for cases of crossflow, while only making up 25% of the total
12

particle count for tests where the fan was turned off. For the case of a 0.15 m diameter crossflow,
larger aerosols up to approximately 3.523 µm were collectively found both along the streamline
for speeds 1 and 2 or displaced in the positive X direction from their initial trajectories found
while the fan was turned off. Particles found beyond the 0.15 m diameter crossflow were
typically in the 0.542 to 3.523 µm range, as they were displaced by the crossflow, and had yet to
fall below the test area due to gravity. Figure 5 shows the average particle count measured by the
APS for a case where the fan was off (S0), followed by Fan speeds 1 and 2 (S1 and S2).
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Figure 5: Particle count measured at each cell for 0.15 m crossflow
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The linearity of the ejected aerosols when a crossflow is introduced is noticeably displaced, with
these aerosols either evaporating or dispersing to a low enough density that the APS cannot
discern any levels above ambient around or above 0.75 meters downstream.
Data collection for the 0.45 m diameter fan shows a more uniform distribution of aerosols
downstream of the flow, with aerosols up to 9.647 µm reaching the farthest cells 0.75 m in the
+X direction. Due to the crosswind velocity of Fan 2 being significantly greater than the ejected
velocity of aerosols out the subject, particulates rarely reach the outer limit of 0.45 m in the +Y,
and at that distance it is challenging to differentiate the aerosol particle count from ambient.
Additionally, the high flow rate of air due to the 6-blade geometry of Fan 2 results in larger
aerosols being suspended along the flow path for longer, and therefore generally higher particle
counts compared to Fan 1, as can be seen in Figure 6.

15

Figure 6: Particle count measured at each cell for 0.45 m crossflow
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For fan speed 2, the crosswind velocity now greatly exceeds the ejected aerosol velocity, and
those aerosols do not have the requisite momentum to penetrate the flow much farther than 0.15
meters.
From these experimental results, it can be seen that the smaller aerosols seem more likely
to be influenced by the crossflow than the larger aerosols and are more likely to be carried along
the streamline before settling. Approximating the aerosol’s shape as a sphere and taking the
suspended aerosol density to be approximately equal to liquid water (ρ = 998 kg/m3, µ =
0.000979 kg/m*s), Zhao’s momentum equation can be used to quantify this effect within the
clean room environment, where air density was found to be ρ = 1.2 kg/m3. Taking the measured
aerosol ejection speed of 5 m/s as the initial droplet velocity and the measured crosswind air
speed from Figure 2 at the point of ejection, the Reynold’s number for these non-buoyant
aerosols can be simplified to be expressed as:

𝑅𝑒 =

(1.2)𝑑√(5)2 +(−𝑉𝑔 )

2

0.000979

(7)

Where d is any diameter, and 𝑉𝑔 is the measured wind speed based upon the fan and fan
speed. For any d quantified by the APS, and for all 𝑉𝑔 for this experiment, 𝑅𝑒 < 1000.
Therefore, the drag coefficient 𝐶𝑑 will vary for each quantity d and 𝑉𝑔 , and cannot be simplified.
Solving for the droplet momentum for varying droplet diameter and for the four crossflow air
speed conditions, the X and Y momentums can be obtained, as seen by Figure 7.
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Figure 7: Y momentum divided by X momentum relative to particle diameter

From the figure, it is clear that while the influences are small if you take the data before
considering buoyant forces and the constant moment applied by the fan over time (especially for
the crosswind and ejection velocity being similar in value), there is a noticeable impact upon the
smaller diameter aerosols. It can be confirmed then from the data both observed and calculated
that smaller aerosols in ranges under 3 µm can be greatly displaced by crosswinds equivalent in
velocity to the ejection speed. Increasing the crosswind speed even further above the ejection
velocity then is sure to provide an exponentially greater impact on the momentum in the +X
direction for smaller aerosols, and can likely begin to have a noticeable impact on larger aerosols
as well. From the figure though, it is clear that massive increases in crosswind speed compared to

18

ejection velocity would be necessary to begin influencing the larger aerosols and droplets caused
by sneezing, coughing, or other forms of aerosol ejection.

Results of Computational Fluid Dynamics Model
Results from the CFD show similar trends to the experimental findings, with data
obtained for particle displacement creating a clearer picture for the phenomenon occurring from
the fan experimentation. Figure 8 shows the mapped particle distribution for Fans 1 and 2 for
each fan’s speed 2 setting, in the X-Y plane and Y-Z for 9A and 9B respectively.

Figure 8: A) CFD particle distribution along X-Y plane
B) CFD particle distribution along Y-Z plane
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Visually, it is notable that the crossflow created by Fan 2 holds more of the aerosols
under 50 µm within the streamline as it reaches out to 5 meters. Fan 1 has approximately 67% of
the total 34,378 particles breach past the crossflow at the 0.1524 m Y distance for the 15 second
test period, with 679 particles breaching past the 2-meter mark. Fan 2 has only 47% of particles
out of 30,850 penetrate the 0.4572 m crossflow, and 444 particles breach past the 2-meter mark.
This shows Fan 1 as being able to prevent 97.8% of particles under 50 µm from reaching a point
2 meters in front of the point of ejection. Fan 2 similarly prevents 98.46% of particles under 50
µm from breaching 2 meters.
Figure 8B additionally shows the scattering of downstream particulates between the two
fans, with Fan 1 scattering a much greater quantity of smaller particles than Fan 2, which
constrains more within the streamline. This potentially shows a relationship between fan blade
design and aerosol scattering, as faster flows with a more uniform flow rate like Fan 2 can better
trap any particulates and aerosols that flow into it, while the 3-blade design of Fan 1 is more
adept at scattering the smaller contents of the aerosol cloud to a less dense state. It is evident by
Figures 8 and 9 however that crosswind speeds need to be sufficiently higher than ejection speed
to successfully prevent the settling of aerosols around the 50 µm range and above, with Fan 2
displacing the larger aerosols by only small amount, and Fan 1 barely displacing them at all. As
mentioned however from the previous momentum calculations, the requisite momentum from the
fan would have to increase exponentially to cause even slight displacement in the larger aerosols,
as Fan 2 was only capable of displacing a particle of 60.5 µm a total of 0.168 meters for the best
case in the positive X direction. This in addition to the impracticality of bringing ventilation
systems up to the requisite velocity and crossflow area to impact these large aerosols shows that
20

crossflow ventilation is best at scattering and removing smaller, buoyant aerosols from the air,
which the CFD model proves it to be incredibly efficient at.

Figure 9: Model human with large aerosols for fans 1 and 2
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CHAPTER FIVE: CONCLUSION
This thesis aims to create a correlation between our understanding of the aerosol cloud
and aerosol dynamics in relation to ventilated crossflows produced by fan systems of various
size, speed, and design. The ongoing COVID-19 pandemic along with the ever-present threat of
other airborne pathogens requires us to explore whatever methods are available to reduce
pathogen transmission as efficiently as possible. Ventilation of indoor areas is already a wellestablished solution to removing these pathogens from the air and from landing on surfaces,
however with the data provided in this paper, it is hoped that the efficiency of these crossflow
ventilation systems can be better understood and improved.
Utilizing an Aerodynamic Particle Sizer, the experimental testing showed the impact
these crossflows had upon the unimpeded aerosol cloud, and demonstrated the scattering of
buoyant aerosols along the streamline, greatly reducing the chances of infection through
inhalation or other forms of contact. These experimental values also aided in showing the
relationship crossflow velocity has on an aerosol’s directional momentum and the particle’s
diameter, highlighting how small particulates can be greatly influenced by the crossflow, while a
significantly larger air speed is required to displace larger ones. Therefore it can be concluded
that ventilation functions exceptionally well at managing the smaller aerosols that can penetrate
the filtration that masks provide, and by determining the maximum size a specific mask can no
longer filter, you can determine the most efficient crosswind size and speed to sufficiently
displace those particles.
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The numerical model, using a Detached Eddy Simulation and hybrid EulerianLagrangian approach showed a more particle-focused view of the cloud-crossflow system, and
additionally showed the ways that fan blade geometry can promote cases of aerosol scattering or
constraining. While a crossflow cannot control the movements of all aerosols, particularly ones
of large weight and low buoyancy, it can greatly control smaller particulates and is proven to
again be excellent at decreasing density both in the air and on settled surfaces through scattering
or displacement.
While the effects these crossflows have on the immediate release of aerosols is critical in
regards to reduced pathogen transmission and disease control, further studies can be done on the
scattering effects downstream, and the particle dynamics of those downstream aerosols in
regards to the non-uniformity of the crossflow. Creating an outlet system akin to a common
ventilation system would also be an interesting addition to studying downwind effects, and at
these locations, the momentum relationship can once again be observed. Further exploration into
the relationship of ventilated crossflows with aerosol dynamics will remain a valuable topic even
past the need for disease control. Air purification and sterilization remains an important tool, one
that has the potential to be better understood and better improved.
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APPENDIX: IRB APPROVAL
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